Abstract. The HOX genes are a highly conserved subgroup of homeodomain-containing transcription factors that are crucial to normal development. Forced expression of HOXA1 results in oncogenic transformation of immortalized human mammary cells with aggressive tumour formation in vivo. Microarray analysis identified that the prolactin receptor (PRLR) was significantly upregulated by forced expression of HOXA1 in mammary carcinoma cells. To determine prolactin (PRL) involvement in HOXA1-induced oncogenicity in mammary carcinoma cells (MCF-7), we examined the effect of human prolactin (hPRL)-initiated PRLR signal transduction on changes in cellular behaviour mediated by HOXA1. Forced expression of HOXA1 in MCF-7 cells increased PRLR mRNA and protein expression. Forced expression of HOXA1 also enhanced hPRL-stimulated phosphorylation of both STAT5A/B and p44/42 MAPK, and increased subsequent transcriptional activity of STAT5A and STAT5B, and Elk-1 and Sap1a, respectively. Moreover, forced expression of HOXA1 in MCF-7 cells enhanced the hPRL-stimulated increase in total cell number as a consequence of enhanced cell proliferation and cell survival, and also enhanced hPRL-stimulated anchorage-independent growth in soft agar. Increased anchorage-independent growth was attenuated by the PRLR antagonist ∆1-9-G129R-hPRL.
Introduction
The HOX genes are a highly conserved subgroup of the homeobox superfamily consisting of four groups (A, B, C and D) clustered in four chromosomal loci. Mammalian genomes have 39 HOX genes, which are thought to have arisen from a series of gene duplication events occurring during evolution (1) . HOX genes are crucial in normal development and regulate numerous biological processes such as apoptosis, receptor signalling, differentiation, motility and angiogenesis (2) . HOX genes are also well established as having oncogenic potential in cancer. Altered expression of HOX genes are linked to both oncogenesis and tumour suppression depending on the context (1, 2) . For example, aberrations in HOX gene expression have been observed in a variety of cancers such as melanoma (3) , myeloma (4), renal (5), lung (6) , pancreatic (7) , ovarian (8) , prostate (9) and breast cancers (10) (11) (12) (13) (14) . In breast cancer, some HOX genes are overexpressed whereas others are underexpressed and mutations are rarely observed (2) . However, the exact function of HOX genes in cancer is not well understood (1, 2) .
HOXA1 is expressed very transiently during the early stages of embryonic development (15) . It is also expressed in a variety of adult tissues (16) . Increased expression of murine HOXA1 has been observed in neoplastic mammary glands (11) and ectopic expression of HOXA1 in transfected rodent cells induces tumorigenesis (17) . HOXA1 mRNA is detected in the human mammary carcinoma cell line, MCF-7, in response to retinoic acid and progestin treatment, as well as in breast cancer tissues (16, 18) , indicating a potential role for HOXA1 in cellular transformation and breast cancer progression. Indeed, our group has demonstrated that HOXA1 is a human mammary epithelial oncogene, and that forced expression of HOXA1 in immortalized human mammary epithelial MCF-10A cells resulted in oncogenic transformation and aggressive tumour formation in vivo (10) . Microarray analysis identified that HOXA1-stimulated
The prolactin receptor mediates HOXA1-stimulated oncogenicity in mammary carcinoma cells oncogenicity in human mammary carcinoma cells was mediated by selective upregulation of components of the p44/42 MAP kinase pathway (19) . However, the molecular mechanisms by which HOXA1 induces oncogenic transformation and promotes tumorigenicity remain largely unclear. The involvement of both prolactin (PRL) and the PRL receptor (PRLR) in breast cancer has recently received increased attention (20, 21) . PRL is not just synthesized in the pituitary, but is also expressed in many extrapituitary sites, including the mammary gland, where it acts as an autocrine/paracrine factor (22) . For example, PRL is produced in both the stromal and epithelial compartments of normal breast tissue (23) . In addition, 80% of breast tumours stain positive for PRLR (24) . Breast tumours also express higher levels of the PRLR than adjacent healthy tissue (25, 26) . A recent study observed increased PRLR expression in an aggressive form of lobular carcinoma (27) . Moreover, a constitutively active genetic variant of the PRLR has been recently identified in patients presenting with breast tumours (28) , suggesting that sustained prolactin signalling may participate in breast tumorigenesis.
It is generally believed that the PRL signalling cascade is initiated upon binding of PRL to the PRLR with one receptor binding to a high affinity site 1 on the PRL molecule, and a second receptor binding to a lower affinity site 2, forming an active complex composed of one hormone molecule and a receptor homodimer (20) ; although a ligand-independent predimerization of the PRLR model is also proposed where the binding of ligand to the preformed dimer initiates conformational changes leading to activation of the receptor (29) . The active ligand/receptor binding results in allosteric reorganization which brings JAK2 kinase into close proximity to the intracellular domain of the receptor, enabling its phosphorylation (30) . The phosphorylated Janus kinase 2 (JAK2) recruits several kinases and adaptor proteins which activate downstream signalling pathways such as signal transducer and activator of transcription 5A/B (STAT5A/B), MAPK and PI3K (31) . The JAK2/STAT5 pathway is one of the predominant pathways activated by PRLR to mediate transcriptional activation (30, 32, 33) . PRL-stimulated JAK2 activation results in the tyrosine phosphorylation of STAT5 and subsequent translocation of this protein into the nucleus, promoting transcription of numerous genes, for example, cytokine inducible SH2-containing protein, β-casein, c-Myc and cyclin D1 (31, 34, 35) .
In the present study, we demonstrate that forced expression of HOXA1 in the mammary carcinoma cell line MCF-7, increases both PRLR mRNA and protein expression. As a result, HOXA1 enhances PRL-stimulated and PRLR-mediated activation of STAT5A/B and MAPK downstream signal transduction pathways and consequent cell proliferation and survival. HOXA1 also enhances PRL-stimulated anchorage-independent growth, which is partially inhibited by the PRLR antagonist ∆1-9-G129R-hPRL.
Materials and methods
Cell culture. The human mammary carcinoma cell line MCF-7, was obtained from the American Type Culture Collection and cultured in RPMI-1640 medium supplemented with 10% heatinactivated fetal bovine serum (FBS), 100 IU/ml penicillin, 100 µg/ml streptomycin and 2 mM L-glutamine in a humidified incubator with 5% CO 2 at 37˚C. Stable forced expression of HOXA1 in MCF-7 cells (MCF7-HOXA1) and its control cell line (MCF7-VECTOR); and stable depletion of endogenous HOXA1 in MCF-7 cells using siRNA (MCF7-siHOXA1) and its control cell line (MCF7-siControl) have been described previously (19) . Briefly, MCF7-HOXA1 and MCF7-VECTOR were established by stably transfecting MCF-7 cells with a HOXA1 expression plasmid (pCMV Tag2B-HOXA1) and the empty vector (pCMV Tag2B), respectively; MCF7-siHOXA1 and MCF7-siControl were established by stably transfecting MCF-7 cells with the HOXA1 siRNA expression plasmid (pSilencer-HOXA1) (36) and the negative control siRNA vector (pSilencer 2.1-U6 hygro) (Applied Biosystems/Ambion, Austin, TX), respectively.
Preparation of total-RNA and RT-PCR analysis.
Total-RNA isolation using TRIzol reagent (Invitrogen, Carlsbad, CA) and RT-PCR using one-step RT-PCR kit (Qiagen GmbH, Hilden, Germany) were performed as previously described (37) . All RNA samples were treated with DNase I using a RNase-free DNase kit (Qiagen GmbH) to avoid genomic DNA contamination. In order to compare the PCR products semi-quantitatively, 20-40 cycles of PCR were carried out to determine the linearity of the PCR amplification. Amplification occurring in the linear range was utilized for quantification. β-actin amplification served as an internal control. The sequences of the oligonucleotide primers used for the RT-PCR were as follows: sense 5'-CCAACTTCACTACCAAGCAGC-3' and antisense 5'-GACT TCTCTGAGGATTCCTCG-3' for HOXA1 (19) ; sense 5'-AATG TTCAGCGAATTCGATAAACG-3' and antisense 5'-CTTTGG TTTCAGGATGAACCTGG-3' for PRL, which amplify a 323 bp fragment spanning the exons 2-5 of the gene; sense 5'-GGACCCCCAGTGCATAAGCAT-3' and antisense 5'-CTCTTCTCTAGACTTAATGGTTTGA-3' for PRLR long form (PRLR-LF); sense 5'-AGAACACCCAAGTCAAGGT GAC-3' and antisense 5'-TGAATTCTGGTATATGCTCTTC AG-3' for PRLR short form S1a; sense 5'-ATGCTCATCTGTT GGAGGTGAC-3' and antisense 5'-GGGTGCACAGTCTGT CCTGTG-3' for PRLR short form S1b; sense 5'-ATGATATCG CCGCGCTCG-3' and antisense 5'-CGCTCGGTGAGGA TCTTCA-3' for β-actin (19) . Amplified PCR products were visualized under UV light on a 1.5% agarose gel stained with ethidium bromide.
Transient transfection and luciferase reporter assay. Cells were plated in 6-well plates the day before transfection so they reached 60-80% confluence upon transfection. The indicated reporter plasmids (0.5 µg per well), and β-galactosidase reporter vector (0.2 µg per well) to control for transfection efficiency, were cotransfected using SAINT MIX according to the manufacturer's instructions (Synvolux Therapeutics BV, Groningen, The Netherlands). Cells were transfected in serum-free RPMI medium for 4 h, then the medium was changed to fresh serumfree RPMI with or without 2 µg/ml of recombinant human PRL (hPRL) (38) . Luciferase and β-galactosidase activity was quantified 24 h later using the Beta-Glo Assay System following the manufacturer's instructions (Promega, Madison, WI) essentially as previously described (39) . Luciferase activity values were normalized to β-galactosidase activity. At least three independent experiments, each in triplicate, were carried out.
STAT5 reporter assay. STAT5-dependent transcription was measured using a reporter gene plasmid pSPI-LUC (a kind gift from Dr Haldosen, Karolinska, Sweden). pSPI-LUC contains six tandem repeat copies of the γ-interferon-activated sequence (GAS)-like element of the serine protease inhibitor (SPI) 2.1 gene promoter fused to a minimal kinase (TK) promoter (-104 to +51) and cloned into the pGL2 basic luciferase vector (Promega) (40, 41) .
ERK reporter assay. ERK1/2 (p44/42)-dependent transcription was measured by using an ERK luciferase reporter plasmid (42) . It contains an Egr-1 promoter fragment comprising of 624 bp 5' of the initiation codon cloned into the pGLBasic luciferase vector (Promega). This promoter region contains five SRF/Ets response elements, which are responsive to p44/42 MAPK stimulation through phosphorylation of Elk-1 and Sap1a (43, 44) , but has no STAT5 response elements (42) .
Western blot analysis. Cells were cultured as described above.
In some experiments, cells were treated just before harvest with 2 µg/ml of hPRL for 15 min after serum deprivation in serum-free medium for 24 h. Whole cell lysates were then prepared according to protocols described previously (40) . Western blot analysis was essentially performed as previously described (45) Total cell number assay. Cells were seeded in 6-well plates at a density of 5x10 4 cells per well, in triplicate, in 3 ml of complete RPMI medium containing 10% FBS or serum-free medium, with or without of 2 µg/ml of hPRL for 3 days. The total cell number in each well was quantified with a haemocytometer.
5'-Bromo-2'-deoxyuridine incorporation assay. S-phase entry was measured by 5'-bromo-2'-deoxyuridine (BrdU) incorporation as previously described (46) . In brief, cells were cultured in full media overnight, and then in serum-free media with or without 2-µg/ml of hPRL for 24 h. Subconfluent cells were pulse labelled with BrdU at a concentration of 20 µM in serum-free media for 30 min. Cells were washed twice with PBS and then fixed in 4% paraformaldehyde in PBS (pH 7.4) for 30 min. To denature DNA, cells were treated with 2 N HCl for 1 h at room temperature with gentle shaking. The detection of incorporated BrdU was performed using a Vectastain Elite ® ABC kit (Vector Laboratories, Burlingame, CA) according to the manufacturer's instructions. Cells were documented by photomicroscopy. Cells in random microscopic fields were analyzed to determine the percentage of cells with nuclear BrdU incorporation relative to the total number of cell nuclei. Over 1,200 cells from each treatment were analysed. The experiments were carried out in triplicate, and repeated at least three times.
Measurement of apoptosis. Apoptotic cell death was measured by fluorescent microscopic analysis of cell DNA staining patterns using Hoechst 33258 as previously described (46) . In brief, cells (2x10 5 cells per well) were seeded on glass coverslips in 6-well plates in complete growth media for 24 h, then incubated in serum-free media with or without 2 µg/ml of hPRL for an additional 24 h. The cells were then fixed in 4% paraformaldehyde in PBS (pH 7.4) for 15 min, permeabilized with 0.6% Tween-20 ® , and stained with the karyophilic dye Hoechst 33258 (8 µg/ml) for 30 min at room temperature in the dark. Cells were then washed with PBS and nuclear morphology was examined under a UV-visible fluorescence microscope. Cells with apoptotic nuclear characteristics such as nuclear condensation and fragmentation were scored as apoptotic. For statistical analysis, over 400 cells of each treatment were examined in eight random microscopic fields at x400 magnification. The experiments were carried out in triplicate, and repeated at least three times.
Colony formation in soft agar. For the soft agar colony formation assay, 5x10 4 cells were cultured in 6-well plates in 0.35% agar in RPMI media containing 5 or 10% FBS, with or without 2 µg/ml of hPRL. RPMI media (2 ml) containing 5 or 10% FBS, with or without 2 µg/ml of hPRL was added to the wells. The plates were incubated at 37˚C in a humidified incubator for 14 days and the media was replaced every day. Cells were stained with 0.5 ml of 0.005% crystal violet in distilled water for 1 h and destained for 2 h in water. Colonies were inspected and photographed (47) . To determine the role of HOXA1-mediated PRLR expression on anchorage-independent growth, medium containing 10% FBS with or without 10 µg/ml of the PRLR antagonist, ∆1-9-G129R-hPRL was added to the wells instead (38, 48) . The experiments were carried out in triplicate, and repeated at least three times.
Statistical analysis. All experiments were repeated at least three times. All numerical data are expressed as mean ± SE (standard error of the mean) from a representative experiment performed in triplicate, and statistical analyses were done by Student's t-test using Microsoft Excel XP.
Results

PRL and PRLR are expressed in human mammary carcinoma MCF-7 cells.
MCF-7 cells were reported to express PRL mRNA (49-52) and thus exhibit low levels of PRL protein expression (0.3±0.08 ng/ml/day in conditioned medium) (52) . As shown in Fig. 1A , a pair of PRL specific primers for the detection of PRL mRNA expression spanning the exons 2-5 of the gene produced a single fragment in MCF-7 total-RNA by RT-PCR. The size of the band is the predicted size of 323 bp appropriate for PRL mRNA and sequence was confirmed by DNA sequencing.
PRL mediates its activities via the PRLR, which has many variants derived from alternative splicing. The PRLR-LF confers the entire repertoire of PRL-induced signalling whereas the short and intermediate isoforms either mediate a partial response to PRL or inhibit PRL dependent signalling (31) . In breast cancer, the PRLR-LF was predominantly expressed and was found to be stimulatory while the two short forms, S1a and S1b, were found to be inhibitory of the activa-tion induced by PRL through the PRLR-LF (53) . Therefore, the expression of these isoforms in MCF-7 cells was first analyzed by RT-PCR. As shown in Fig. 1B , the PRLR-LF transcript was the predominant variant and the short forms S1a and S1b were much less abundant in MCF-7 cells. The expression of PRLR protein was examined by western blot analysis using the anti-PRLR monoclonal antibody U5 (54) . Consistent with RT-PCR results, a single protein band of ~90 kDa equivalent to the PRLR-LF isoform was detected in MCF-7 cells (Fig. 1C) , indicating the expression of the short isoforms was very low and undetectable.
Forced expression of HOXA1 increased PRLR-LF expression in mammary carcinoma cells.
We have previously demonstrated that expression of HOXA1 results in oncogenic transformation of immortalized human mammary epithelial cells MCF-10A with tumour formation in vivo (10) . Subsequently we identified molecules that could potentially be involved in HOXA1-mediated oncogenic transformation in a cDNA microarray study using two complementary pairs of cell lines, forced expression or depleted expression of HOXA1 in human mammary carcinoma MCF-7 cells (19) . PRLR was one of the genes identified in this study that was upregulated in response to forced expression of HOXA1 and accordingly downregulated in response to depletion of HOXA1 in the microarray analysis (19) . To verify that HOXA1 regulates PRLR, we examined the expression of PRLR-LF mRNA in the stable human mammary carcinoma MCF-7 cells with forced HOXA1 overexpression by semi-quantitative RT-PCR. As demonstrated in Fig. 1D , HOXA1-overexpressing MCF7-HOXA1 cells expressed much higher levels of PRLR-LF mRNA than the control cell line, MCF7-VECTOR. Concordantly, HOXA1-depleted MCF7-siHOXA1 cells expressed less PRLR-LF mRNA than the control MCF7-siControl cells (data not shown). HOXA1 overexpression or depletion did not significantly affect the expression of the S1a and S1b isoforms in these stable cells. To determine whether HOXA1 stimulated PRLR-LF expression manifested at the protein level, western blot analysis was used to examine the expression of PRLR protein in the stably transfected cell lines. Forced expression of HOXA1 in MCF7-HOXA1 cells increased PRLR-LF protein expression compared with the MCF7-VECTOR cell line (Fig. 1E) , while depletion of HOXA1 in MCF7-siHOXA1 cells decrease PRLR-LF protein expression compared with the control MCF7-siControl cell line (data not shown). Thus, HOXA1 specifically increased the expression of PRLR-LF mRNA and protein in MCF-7 cells. Forced expression of HOXA1 enhanced hPRL-stimulated STAT5 activation in human mammary carcinoma cells. To investigate the interaction of PRLR and HOXA1, we first examined the effect of forced expression of HOXA1 on the ability of PRL to stimulate the tyrosine phosphorylation of STAT5A/B. As shown in Fig. 2A , no phosphorylation of STAT5A/B protein was observed without exogenous hPRL stimulation in either MCF7-VECTOR or MCF7-HOXA1 cells in serum free media, although the non-phosphorylated STAT5A/B protein was easily detected. However, after stimulation with exogenous hPRL, tyrosine phosphorylated STAT5A/B protein became detectable in both cell lines, with phosphorylation levels increased in MCF7-HOXA1 cells compared with the control cell line, MCF7-VECTOR ( Fig. 2A) , indicating that hPRL induced the phosphorylation of STAT5A/B and HOXA1 enhanced this effect.
After phosphorylation, STAT5 becomes activated and is able to recognize and bind to the GAS-like element in the promoter of the SPI 2.1 gene, thereby activating the transcription of specific genes (55) (56) (57) . We therefore used the pSPI-LUC luciferase reporter plasmid which contains six tandem repeat copies of the GAS-like element to measure STAT5-dependent transcription. As shown in Fig. 2B , in the absence of hPRL stimulation the luciferase activity in MCF7-HOXA1 cells was 1.7 times higher than that in MCF7-VECTOR cells, indicating that forced expression of HOXA1 in MCF-7 cells increased STAT5-dependent transcription. Stimulation with exogenous hPRL further increased the luciferase activity in both HOXA1-overexpressing MCF7-HOXA1 and the control MCF7-VECTOR cells by 4.1 and 3.8 fold, respectively; MCF7-HOXA1 cells exhibited 1.6 fold higher luciferase activity than the control cells (Fig. 2B) . Therefore, forced expression of HOXA1 enhanced hPRLstimulated STAT5 activation.
Forced expression of HOXA1 enhanced hPRL-stimulated p44/42 MAP kinase activation in human mammary carcinoma cells.
We previously demonstrated that HOXA1-stimulated oncogenicity was mediated by upregulation of components, such as GRB2, MAP kinase kinase (MEK1) and SDFR1, of the p44/42 MAP kinase pathway (19) . Because the MAP kinase pathway is another important cascade activated by the PRLR, we examined the effect of HOXA1 on the ability of PRL to stimulate MAP kinase activation. As shown in Fig. 3A , although HOXA1 forced expression did not affect the total amount of p44/42 kinase expression without hPRL treatment, the level of dual phosphorylated p44/42 MAP kinase in MCF7-HOXA1 cells was higher than the control MCF7-VECTOR cells. This is consistent with our previously reported study (19) . When treated with hPRL, the level of phosphorylated p44/42 MAP kinase in both cell lines increased further with significantly more phosphorylation observed in MCF7-HOXA1 cells (Fig. 3A) . Therefore, forced expression of HOXA1 was able to enhance PRL-stimulated MAP kinase activation in human mammary carcinoma cells.
We next used the ERK reporter to confirm the effect of the increased level of phosphorylated p44/42 MAP kinases on the transcriptional activation of downstream effector molecules. The ERK luciferase reporter plasmid harbours the Egr-1 promoter region containing five SRF/Ets response elements but does not contain a STAT5 response element (42) . This response element has been shown to specifically respond to p44/42 MAPK stimulation through phosphorylation of Elk-1 and Sap1a (43, 44) . As shown in Fig. 3B , in the absence of hPRL treatment, forced expression of HOXA1 in MCF-7 cells resulted in a 2.2-fold increase of ERK reporter activity; upon treatment with hPRL an elevated ERK reporter activity was observed in both MCF7-HOXA1 (by 3.8-fold) and MCF7-VECTOR (by Cells were serum deprived in serum free media for 24 h, followed by 15-min stimulation with 2 µg/ml of hPRL. Soluble whole cellular extracts were run on a 12.5% SDS-PAGE and immunoblotted using an anti-phospho-STAT5A/B antibody (Millipore) for tyrosine phosphorylated STAT5A/B protein and an anti-Stat5 antibody (Santa Cruz Biotechnology) for total STAT5A/B protein as a loading control for cell lysates. The sizes of detected protein bands in kDa are shown on the right. (B) STAT5 reporter assay. STAT5-dependent transcription was measured using a luciferase reporter gene plasmid pSPI-LUC, which contains six tandem repeat copies of the γ-interferon-activated sequence (GAS)-like element of the serine protease inhibitor (SPI) 2.1 gene promoter. MCF7-HOXA1 (solid bar) and MCF7-VECTOR (open bar) cells were co-transfected with the reporter plasmid together with a β-galactosidase reporter vector as the control for transfection efficiency in serum-free RPMI with (+) or without (-) 2 µg/ml of recombinant human prolactin (hPRL). After a further 24 h, luciferase and β-galactosidase activities were quantified using a Beta-Glo kit (Promega). Luciferase activity values were normalized to β-galactosidase activity and presented as mean ± SE (standard error of the mean) of three independent experiments each in triplicate and are presented relative to the mean of MCF7-VECTOR cells without hPRL treatment. The effect of hPRL treatment is shown as fold increase in comparison with the untreated control. 5.9-fold) cells, with a 1.4-fold higher activity observed once again in MCF7-HOXA1 cells. Therefore, HOXA1 was able to increase PRL-stimulated transcription that was mediated via p44/42 MAPK activation in human mammary carcinoma cells.
Forced expression of HOXA1 enhanced cell proliferation and survival in response to hPRL treatment in human mammary carcinoma cells.
We previously demonstrated that HOXA1 stimulated an increase in MCF-7 total cell number (10), which was mediated by p44/42 MAP kinase (19) . Consistent with this, the total cell number of MCF7-HOXA1 cells without hPRL treatment was significantly higher than MCF7-VECTOR cells when grown in either serum-free media or media containing 10% FBS (Fig. 4A) . After exogenous hPRL treatment, there was a significant increase in the total cell number under both serum-free and serum replete conditions in both cell types, but the cell number of MCF7-HOXA1 was significantly higher than the MCF7-VECTOR cells (Fig. 4A) . HOXA1 therefore enhanced hPRL-stimulated cell growth. hPRL stimulated a greater percentage increase in cell number in HOXA1 overexpressing MCF7-HOXA1 cells (by 2.4-fold in serum-free and 1.4-fold in serum) than the control MCF7-VECTOR cells (2.0-fold in serum-free and 1.2-fold in serum) (Fig. 4A) .
HOXA1-stimulated increase in total cell number in mammary carcinoma was previously shown to be the consequence of both increased cell proliferation and increased cell survival in a p44/42 MAP kinase-dependent manner (10, 19) . We therefore examined the effect of HOXA1 on cell proliferation and survival in MCF7 cells in response to hPRL stimulation. To determine the effect of HOXA1 on hPRL stimulated cell proliferation, we analysed nuclear BrdU incorporation during entry to S phase. As shown in Fig. 4B , hPRL stimulated a significant increase in BrdU incorporation in both MCF7-HOXA1 and MCF7-VECTOR cells. HOXA1 further enhanced the increase in S-phase entry induced by hPRL. A stronger stimulation (3.3-fold) was observed in HOXA1 expressing cells than in the vector control cells (2.2-fold) (Fig. 4B) .
HOXA1 was previously demonstrated to protect mammary carcinoma cells from apoptosis induced by serum deprivation through activation of p44/42 MAP kinase-mediated signal transduction and upregulation of BCL-2 (10, 19) . Concordantly, without hPRL treatment forced expression of HOXA1 in MCF-7 cells functioned as a potent survival stimulus and resulted in marked protection from apoptotic cell death in serum-deprived conditions. Indeed, as shown in Fig. 4C , in the absence of hPRL forced expression of HOXA1 in MCF-7 cells reduced the rate of apoptotic cell death from 26.5% in control cells to 15.6%. Treatment by hPRL reduced apoptotic cell death in both MCF7-HOXA1 (2.2-fold) and MCF7-VECTOR (1.7-fold) cells (Fig. 4C) . Therefore, exogenous hPRL acts in synergy with HOXA1 to afford protection of mammary carcinoma cells against apoptotic cell death.
Forced expression of HOXA1 increased hPRL-induced oncogenicity via PRLR signalling in human mammary carcinoma cells.
Anchorage-independent growth is a hallmark of malignant tumour cells and a characteristic of oncogenically transformed cells (58) . Forced expression of HOXA1 in mammary carcinoma cells was previously shown to significantly increase anchorage-independent growth as measured in a soft agar colony formation assay (19) . In the absence of hPRL treatment forced expression of HOXA1 in MCF-7 cells significantly increased anchorage-independent growth in soft agar in media containing 5 or 10% FBS, whereas treatment with hPRL significantly increased the number of colonies formed in soft agar in both MCF7-VECTOR and MCF7-HOXA1 cells (Fig. 5A ). In media with 10% FBS, hPRL stimulated an approximate 2.2 and 1.9-fold increase in colony numbers for both MCF7-VECTOR and MCF7-HOXA1 cells, respectively. Cells were serum deprived in serum-free media for 24 h, followed by 15 min stimulation with 2 µg/ml of hPRL. Soluble whole cellular extracts were run on a 12.5% SDS-PAGE and immunoblotted using an anti-phospho-p44/42 MAPK antibody (Cell Signalling Technology) for phosphorylated p44/42 protein and an anti-p44/42 MAPK antibody (Santa Cruz Biotechnology) for total p44/42 protein as loading control for cell lysates. The sizes of detected protein bands in kDa are shown on the right. (B) ERK reporter assay. ERK1/2 (p44/42)-dependent transcription was measured by using an ERK luciferase reporter gene plasmid, which contains an egr-1 promoter fragment comprising 624 bp 5' of the initiation codon. MCF7-HOXA1 (solid bar) and MCF7-VECTOR (open bar) cells were co-transfected with the reporter plasmid together with a β-galactosidase reporter vector as the control for transfection efficiency in serum-free RPMI with (+) or without (-) 2 µg/ml of recombinant human prolactin (hPRL). After a further 24 h, luciferase and β-galactosidase activities were quantified using a kit (Promega). Luciferase activity values were normalized to β-galactosidase activity and presented as mean ± SE (standard error of the mean) of three independent experiments each in triplicate and are presented relative to the mean of MCF7-VECTOR cells without hPRL treatment. The effect of hPRL treatment is shown as fold increase in comparison with the untreated control. In media with 5% FBS, hPRL increased both MCF7-VECTOR cell colony formation (2.4-fold) and MCF7-HOXA1 cell colony formation (3.0-fold). Therefore, HOXA1 enhanced hPRL-stimulated soft agar colony formation of MCF-7 cells.
To further investigate the involvement of PRLR in HOXA1-mediated oncogenicity in mammary carcinoma cells, we examined the effect of ∆1-9-G129R-hPRL, an hPRL variant, on HOXA1-mediated anchorage-independent growth. ∆1-9-G129R-hPRL has been demonstrated to act as a pure antagonist to the human and mouse PRLR in vitro (48) and to the mouse PRLR in vivo (59) . As shown in Fig. 5B , application of the antagonist ∆1-9-G129R-hPRL at 10 µg/ml significantly reduced the number of colonies formed by MCF7-HOXA1 cells (1.28-fold) but did not affect the colony formation ability of the control cell line, MCF7-VECTOR. Compared with the control cell line, forced expression of HOXA1 in MCF-7 cells still resulted in a significant increase (2.1-fold) in colony formation in soft agar following treatment with the PRLR antagonist. Therefore, PRLR antagonism reduces the oncogenicity of HOXA1 in mammary carcinoma cells.
Discussion
In the present study, we have demonstrated that the transcription factor, HOXA1, upregulates PRLR-LF gene transcription and subsequent protein expression in mammary carcinoma MCF-7 cells. As a result, HOXA1 enhances hPRL-stimulated activation of both STAT5A/B and MAPK. Upon hPRL treatment, HOXA1-overexpressing MCF-7 cells not only exhibit elevated cell proliferation and decreased apoptotic cell death, but also increased anchorage-independent growth, which is partially inhibited with a PRLR antagonist. Therefore, one Forced expression of HOXA1 in immortalized human mammary epithelial cells has been previously demonstrated to increase total cell number, primarily by the promotion of cell survival as a result of transcriptional upregulation of BCL-2 (10). The p44/42 MAP kinase pathway was identified as one major effector of HOXA1-mediated oncogenicity and oncogenic transformation of human mammary epithelial cells in a microarray analysis to identify the downstream targets of HOXA1 (19) . PRLR was also one of the HOXA1-targeted molecules indentified in the same microarray analysis (19) .
Although it has been conclusively demonstrated that absence of PRLR signalling results in an increased latency of tumour appearance in recognised mouse models of mammary tumorigenesis (60, 61) , the role of PRL/PRLR signalling in human tumorigenesis is still not well defined (21) . We therefore investigated the involvement of PRLR signalling, initiated via hPRL stimulation, in HOXA1-induced oncogenicity in human mammary carcinoma cells.
The PRLR is expressed in virtually all tissues, including the breast (32) . PRL is primarily produced by pituitary lactotroph cells, and delivered to its numerous target tissues via the blood circulation. There is clear evidence that the mammary gland as well as several other human tissues also express PRL (22) . Early studies indicate that almost all (98%) of human breast cancers express PRL and PRLR (25, 62, 63) . A recent study indicated that the actual level of PRLR expression in most breast cancers is lower than initially expected (64), but even very low levels of PRLR expression were sufficient to mediate PRL responsiveness in breast cancer cell lines such as AU565 and MCF-7 (64). There is now strong epidemiological evidence supporting increased circulating PRL as a risk factor for breast cancer (31, 65) . Studies investigating survival in breast cancer patients suggest that high pre-treatment levels of PRL are associated with treatment failure, earlier recurrence, and worse overall survival (66) . Also, tumoral hPRL expression in breast cancer is associated with worse relapse-free survival and overall survival (67). One possible mechanism by which PRLR contributes to mammary tumorigenesis is through generating an autocrine-paracrine loop stimulated by local production of PRL (21) , which uses JAK2/STAT5/cyclin D1 in mediating the proliferative signal induced by PRL (34, 68) . In the present study, PRL treatment was demonstrated to rapidly activate STAT5A/B in mammary carcinoma cells. This activation was increased by HOXA1. In fact, STAT5A/B has been shown to promote malignant transformation, increase tumour growth in early stages of breast cancer, and maintain differentiation of mammary epithelium in established breast cancer (69, 70) .
The p44/42 MAP kinases are key signal transducers involved in cell proliferation and survival (71) (72) (73) . Activation of the MAP kinase pathway has been demonstrated to be a frequent event in tumorigenesis (74, 75) . Elevated levels of phosphorylated p44/42 MAP kinases are observed in 25-50% of breast tumours (76) . Our previous study demonstrated that p44/42 MAPK signalling pathway played a key role in HOXA1-stimulated oncogenicity in mammary carcinoma cells and HOXA1-mediated oncogenicity was p44/42 MAP kinase-dependent (19) . The MAPK pathway is also a very important cascade activated by the PRLR (30, 31) . It involves the Shc/Grb2/Sos/Ras/Raf intermediaries upstream to MAPK kinase and p44/42 MAP kinases (30) . Concordantly, we have demonstrated here that HOXA1 increases the PRL-induced p44/42 MAP kinase phosphorylation as well as downstream Elk-1-mediated transcription in mammary carcinoma cells.
Evasion of apoptosis has been observed to be critical for the development and sustained growth of cancerous cells (77) . BCL-2 family members are important regulators of the mitochondrial pathway of apoptosis. Dysregulation of antiapoptotic BCL-2 protein often leads to increased survival of cancer cells (78) . The HOXA1-induced increase in anchorage-independent proliferation in immortalized human mammary epithelial cells was primarily achieved by the promotion of cell survival mediated by the transcriptional upregulation of BCL-2 (10). HOXA1-stimulated upregulation of BCL-2 was previously demonstrated to be p44/42 MAP kinase-dependent (19) . In the present study, we have demonstrated that forced expression of HOXA1 increases cell proliferation and survival in response to hPRL treatment in human mammary carcinoma cells. Activated STAT3 and STAT5 pathways have also been reported to increase BCL-2 expression levels (79, 80) . Thus, HOXA1-mediated increase in PRL-stimulated cell proliferation and survival could result from the upregulation of BCL-2 through the activation of p44/42 MAP kinase and STAT5A/B-mediated transcription.
Anchorage-independent growth of cancer cells in soft agar is a hallmark of oncogenic transformation and results from increased proliferation and altered cell-cell and cell-matrix interactions (77) . HOXA1 expression was previously reported to significantly increase the growth ability of mammary carcinoma cells in soft agar (10) , which was largely dependent on p44/42 MAP kinase (19) . Previous studies demonstrated that PRL increased the colony forming efficiency of breast cancer cells in soft agar by up to 25% (81) , and the PRLR antagonist ∆1-9-G129R-hPRL reduced the PRL-induced colony-forming ability (82) . In the present study, we have demonstrated that ∆1-9-G129R-hPRL attenuates HOXA1 mediated colony formation in soft agar by mammary carcinoma cells, indicating HOXA1 can partially exert its oncogenicity via PRLR activation. Since bovine PRL (present in FBS) is a very poor activator of the human PRLR, it is likely that the antagonist inhibited PRLR ligands secreted by MCF-7 cells (i.e. autocrine ligands) as MCF-7 cells have endogenous PRL expression, albeit at very low levels (Fig. 1A) . ∆1-9-G129R-hPRL is a 'pure' PRLR antagonist and devoid of any agonist activity (48, 59) . It has been shown to reduce the PRL-induced activation of STAT3 and STAT5 in T47D human breast cancer cells (48) and decrease apoptosis in prostate cancer cell lines by antagonising autocrine PRL-mediated JAK2/STAT5A/B signalling (83) . Therefore, PRLR could modulate HOXA1-induced oncogenicity in human mammary carcinoma cells by directly enhancing the activation of STAT5A/B as a result of upregulation of PRLR by HOXA1.
In conclusion, we have demonstrated that HOXA1 upregulates PRLR-LF mRNA and protein expression in mammary carcinoma MCF-7 cells and that PRLR partially mediates HOXA1-induced oncogenicity by virtue of enhancing PRL/PRLR-induced activation of STAT5A/B and MAPK signalling pathways, promoting cell proliferation and survival, and increasing anchorage-independent growth of mammary carcinoma cells.
